Introduction {#sec1}
============

Tendinopathy refers to the pain, swelling, and impaired performance of the tendon.[@bib1] This chronic disorder is causing great socioeconomical impacts to our society.[@bib2] For example, the prevalence of tendinopathy was reported to affect as much as 50% of the population by the age of 60%.[@bib3] Anti-inflammatory drugs including, NSAIDs and glucocorticoids, are the first line treatment for the conservative management of tendinopathy. However, there have been claims that these drugs may negatively affect the structural healing of tendons.[@bib4] Despite the presence of various modalities of conservative and surgical treatments, more than one third of the patients do not respond and continue to present with persistent pain and disability.[@bib3]^,^[@bib5] There is an urgent need further understand its character and pathogenesis, in search for more effective treatments to this chronic disease.

The pathogenesis of tendinopathy is yet to be well understood. Opposing to the previous concept that chronic tendinopathy presents as an inflammation free degenerative disease,[@bib1] there is a rise in evidence showing that inflammatory cells are present, and chronic inflammation is a feature of tendinopathy.[@bib6]^,^[@bib7] Degenerative changes in the tendon could be due to chronic exposure to non-selective digestive enzymes produced from the inflammatory process. As suggested by a study in 2018, local tendon cells play an important role in the regulation of inflammation within the tendon.[@bib6] Various factors lead to changes in the local tendon cells, "priming" these mediators into a pro-inflammatory state of enhancement of inflammation, and dysregulation of the resolution of inflammation. However, characteristics of "priming" and factors leading to these changes are yet to be described.

Cyclooxygenase 2 (COX2) is an enzyme responsible for the production of prostaglandins, which leads to enhancement of inflammation via vasodilation and chemoattraction to inflammatory cells.[@bib8]^,^[@bib9] Specific lipid pro-resolving mediators (SPMs) are molecules that play a major role in the resolution of inflammation.[@bib10] Enzymes such as, ALOX12, and ALOX15 are responsible for the production of these lipids, and they act upon specific protein receptors including FPR2 for lipoxin A1, and also ChemR23 for resolvin D3. Activated receptors then provides anti-inflammatory mediators, including IL-10, to resolve inflammation.[@bib10]^,^[@bib11]

According to a systematic review published in 2016, Diabetes mellitus (DM) is a risk factor of the development of tendinopathy. There is a 3.67 fold increase in the development of tendinopathy in DM patients.[@bib12] Previous in vitro studies have reported that a high glucose level induces negative impacts on viability and function of tendon cells.[@bib13]^,^[@bib14] It was also reported that high glucose enhances an inflammatory response in endothelial cells.[@bib15] There is a possibility that the direct effect of a high glucose level on local tendon cells lead to dysregulation of the resolution of inflammation, leading to chronic inflammation and the increased risk in development of tendinopathy in DM patients. In this study, we would simulate the diabetic environment in an in vitro setup, to assess the effect of a high glucose level on cultured tendinopathic and healthy tendon derived stem cells (TDSCs). We would like to assess the role of a high glucose level on the development of tendinopathy, and to discuss the possibility whether controlling glucose levels could be beneficial in the management of tendinopathy.

Materials and method {#sec2}
====================

Overview {#sec2.1}
--------

To investigate the effect of glucose on the mRNA expression of healthy and tendinopathic TDSCs, cells were isolated from human specimens as primary culture. Cells were then expanded and seeded into 6-well plates, where treatments were performed. After a pilot study verifying the parameters, TDSCs were treated with 2 ng/ml IL-1B for 24 h as inflammatory stimulation. In a separate group, A high glucose environment of 11.1 mmol/L glucose was pre-incubated before inflammatory stimulation for healthy TDSCs. This specific glucose level have been adapted to represent a high glucose environment in previous in vitro studies. It represents cut off for 2hr oral glucose tolerance test in the diagnosis of DM,[@bib16] or in other words a high glucose level that should not be reached in the DM free population. Treated cells were lysed with mRNA extracted and reverse transcribed. The completed cDNA samples were diluted and measured for gene expression of the target genes including FPR1, FPR2, ALOX12, ALOX15, ChemR23, and COX2. Statistical analysis was used to detect significant differences between the groups.

Patient recruitment {#sec2.2}
-------------------

The experiments in this study were approved by the Joint Chinese University of Hong Kong -- New Territories East Cluster Clinical Research Ethics Committee (CREC) (Reference number 2013.479). In this study, tendon specimens of tendinopathic patients were collected. Inclusion criteria include a gender of either male or female, age of 18--60 years old. Age and gender matched healthy controls were also recruited.

Tendinopathic patients were recruited from patients undergoing surgical repair of a spontaneously ruptured tendon. It was previously suggested that healthy tendons are extremely unlikely to experience spontaneous ruptures since they can withstand very high tensile loads.[@bib17] We therefore assume that cases of spontaneous ruptures free from high energy trauma originate from only tendinopathic, degenerative tendons. Debridement of the ruptured tendon were collected during the surgery. Healthy controls were recruited from patients undergoing Anterior Cruciate Ligament Reconstruction. The stump of the autologous hamstring tendon graft used in the surgery, a healthy gracilis or the semi-tendinosis tendon, was collected during the surgery.

Primary culture of TDSCs {#sec2.3}
------------------------

Human TDSCs were cultured according to a well established protocol. From a previous study from our group, cells cultured with this method consistently presented with characteristics of TDSCs.[@bib18] Immediately after collection of tendon specimen. The tendon specimen was rinsed with 10% Penicillin-Streptomycin-Neomycin (PSN), followed by 5 min of incubation with 0.25% trypsin in low glucose Dulbecco's Modified Eagle Medium (LG DMEM). The specimen was minced in into less than 2 × 2 mm pieces, then incubated in 1 mg/ml collagenase type 1 (Sigma Aldrich) overnight.

On the following day, the remaining tendon digest was filtrated with a 70  μm cell strainer. Filtrate was centrifuged with 1500 rpm for 5 min. Supernatant was discarded, and cells were resuspended in 1 ml LG DMEM, then seeded into cell culture flasks with a density of less than 2000 cells/cm.[@bib2] After isolation, cells were cultured in LG DMEM with 10% PSN and 10% fetal bovine serum (FBS). Culture medium were changed 2 times a week to allow optimal growth. Cells were placed in an incubator at 37 °C and 5% CO~2~.

Pre-incubation with a high glucose environment {#sec2.4}
----------------------------------------------

6 wells with 80% confluency were pre-treated with a high glucose levels for healthy TDSCs in this study. LG DMEM contains 1 g/L glucose originally. To induce a high glucose environment, additional glucose was added to LG DMEM with a glucose solution up to 11.1 mmol/L, immediately following IL-1B stimulation.

Stimulating an inflammatory response with IL-1B {#sec2.5}
-----------------------------------------------

6 wells of both healthy and tendinopathic TDSCs at 80% confluency was be treated with IL-1B infused medium LG DMEM 10% PSN, 10% FBS, with a concentration of 2 ng/ml for 24 h. These parameters were determined in a pilot study from our group, suggesting that this design is capable of successfully stimulating the TDSCs. 6 more wells of both healthy and tendinopathic TDSCs were un-treated, incubated in LG DMEM supplemented with 10% FBS and 10% PSN for 24 h, serving as a control to the IL-1B stimulation.

Real time polymerase chain reaction {#sec2.6}
-----------------------------------

Cells in 6 wells plates had mRNA extracted by the ThermoFisher PureLink RNA mini kit according to the developer's protocol. RNA yield and quality was then analyzed, followed by reverse transcription of extracted mRNA using Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT) enzyme, according to developer's protocol.

rtPCR was performed on product cDNA, using the following primer sequences ([Table 1](#tbl1){ref-type="table"}).Table 1Primer sequences used in this study.Table 1PrimerSequenceFPR1 ForwardCTGAGTCACTCTCCCCAGGAFPR1 ReverseCCAGGAAGAGATAGCCAGCAFPR2 ForwardGAAGCACACAGGAAAAGGAGFPR2 ReverseGACAAAGGTGACCCCAAGChemR23 ForwardCCCTACCACACACTCAACCTChemR23 ReverseGGGCCACCTTGAACTTCTTGALOX12 ForwardGAAGATGTGACGATGGCCACALOX12 ReverseATAGGGCCAGTCAAGTTGCTALOX15 ForwardGTGGAAAACAGTGTGGCCATALOX15 ReverseAGTAAGGTCCCAGGTGATGCCOX2 ForwardTTCAAATGAGATTGTGGGAAAATCOX2 ReverseAGATCATCTCTGCCTGAGTATCTTB-Actin ForwardTGGAACGGTGAAGGTGACAGB-Actin ReverseGGCTTTTAGGATGGCAAGGG

rtPCR was performed using the following program. At the hold stage, samples were first heated to 95 °C at a rate of 1.6 °C/second to be prepared for the cycling phase. The samples will then be subjected to 40 cycles of heating to 95 °C for 15 s, and data collection at 60 °C for 30 s and 72 °C for 30 s. After that, the program will enter the melt curve stage. In the melt curve stage, samples were again heated to 95 °C for 15 s, temperature will then be dropped to 60 °C for 1 min, followed by dissociation and data collection by heating to 95 °C for 15 s.

Statistical analysis {#sec2.7}
--------------------

Data Collected from qPCR were in the form of cycle threshold value (ct value). Values of the target genes were subtracted with the ct value of the house keeping gene b-actin. Transformation using the function y= (2\^-(target gene ct value -- b-actin ct value)) was done, showing the relative expression of each target gene in comparison with the house keeping gene, or the dct value. dct values of treatments groups were further normalized to the control group for the ddct value. Log transformation was performed on dct and ddct values for presentation.

Using Statistical Product and Service Solutions (SPSS) version 20, comparisons were made between groups for every target gene including FPR1, FPR2, ChemR23, ALOX12, ALOX15, and COX2. The Mann--Whitney *U* test was used to determine significance in the gene expressions. Significant difference was defined as p \< 0.05.

Results {#sec3}
=======

Patient recruitment {#sec3.1}
-------------------

With the protocol mentioned above, 1 specimen of a torn patellar tendon and 2 specimens from a torn rotator cuff was obtained from 1 male and 2 female patients (age 21--54). 3 specimens of healthy hamstring tendons were obtained from 3 gender matched patients (age 20--28).

A high glucose level increases the mRNA expression of COX2 in both healthy and tendinopathic TDSCs {#sec3.2}
--------------------------------------------------------------------------------------------------

TDSCs were treated with a high glucose environment of 11.1 mmol/L for 24 h. The mRNA expression of COX2 was significantly increased after treatment in both healthy (p = 0.046) and tendinopathic TDSCs (p = 0.050) There were no significant changes in expression of other selected genes ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Log transformed dCT value of ALOX12, ALOX15, FPR1, FPR2, ChemR23, COX2 normalized to B-actin. Comparison between TDSCs treated with 11.1 mmol/L glucose for 24 h and control under 1 g/L glucose. \* indicate significant difference of p \< 0.05.Fig. 1

Upregulation of FPR1, ChemR23 and ALOX15 mRNA was weakened in tendinopathic TDSCs upon IL-1b stimulation {#sec3.3}
--------------------------------------------------------------------------------------------------------

Healthy and tendinopathic TDSCs were stimulated with 2 ng/ml IL-1b for 24 h. Up-regulation of FPR1 (p = 0.050), ChemR23 (p = 0.050), and ALOX15 (p = 0.050) were significantly weakened in tendinopathic TDSCs in comparison with healthy TDSCs. There were no significant differences in the gene expression of all selected genes between healthy and tendinopathic TDSCs prior to stimulation ([Fig. 2](#fig2){ref-type="fig"}).Fig. 2Log transformed ddCT value of ALOX12, ALOX15, FPR1, FPR2, ChemR23, COX2 normalized to b-actin and control group. Comparison between healthy and tendinopathic TDSCs stimulated with 2 ng/ml IL-1b for 24 h \* indicate significant difference of p \< 0.05.Fig. 2

Upregulation of ALOX15 mRNA was weakened in IL-1b stimulated healthy TDSCs under a high glucose environment but no changes were observed in IL-1b stimulated tendinopathic TDSCs {#sec3.4}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

TDSCs were stimulated with 2 ng/ml IL-1b for 24 h after pre-incubation under high glucose environment of 11.1 mmol/L for 24 h. The upregulation of ALOX15 (p = 0.050) was significantly weakened in healthy TDSCs stimulated under a high glucose environment. Stimulated Tendinopathic TDSCs did not show significant changes after pre-incubation in a high glucose environment ([Fig. 3](#fig3){ref-type="fig"}).Fig. 3Log transformed ddCT value of ALOX12, ALOX15, FPR1, FPR2, ChemR23, COX2 normalized to b-actin and control group. Comparison between TDSCs stimulated with 2 ng/ml IL-1b for 24 h and TDSCs pre-incubated with 11.1 mmol/L glucose for 24 h prior to stimulation. \* indicate significant difference of p \< 0.05.Fig. 3

Discussion {#sec4}
==========

Limitations {#sec4.1}
-----------

One major limitation of this study is that tendinopathic specimens were obtained from more elder patients in comparison to healthy tendons. Age related changes may act confounding factor, challenging the reliability of the results.

Another limitation is that tendinopathic specimens were obtained from surgical debridement of torn tendons. It was assumed that only tendinopathic tendons are susceptible to spontaneous ruptures, but the acute response from tendon rupture may also be presented in the tendinopathic specimens obtained. The time between tendon rupture and surgery was also not assessed, hence there is a possibility that the obtained tendon specimens do not represent typical chronic tendinopathy.

A third limitation is that an in vitro study with a high glucose environment may not accurately represent the in vivo impact of DM. DM is a global metabolic disturbance affecting many cell types around the body, leading to long term effects including but not limited to angiopathy and neuropathy. The current in vitro study only included the assessment of short term effects of glucose on tendon cells. Secondly, The increase in level of glucose around the tendon may not be directly proportional to increased blood glucose. Although it was previously reported that hyperglycemia may increase glucose uptake and consumption in tendons,[@bib19]^,^[@bib20] exact level of glucose that can reach the tendon may be unclear. Further in vivo studies are required to deduce the appropriate glucose concentration in the tendon environment in cases of hyperglycemia of different severity.

A weakened pro-resolving response from local tendon cells may be a cause of chronic inflammation in tendinopathic tendons {#sec4.2}
-------------------------------------------------------------------------------------------------------------------------

It was previously mentioned that chronic inflammation is present in chronic tendinopathy, and also may plays an important role in its development.[@bib7] According to the findings of this study, tendinopathic tendons express a weakened pro-resolving response, in terms of a significant lower upregulation of both receptors of SPMs and the key enzymes of SPMs synthesis upon IL-1b stimulation. Microtraumas in the tendon tissue are inevitable from everyday use, hence tendon healing, including inflammation,[@bib21] plays a crucial role in maintaining the integrity of tendon tissues.[@bib22] However, a weakened pro-resolving response from tendon cells may lead to prolonged exposure of the tendon tissues to non-selective digestive enzymes from inflammation, causing excessive damage and degenerative changes.[@bib23]

It was previously reported that other than DM, systemic diseases including hyperlipidemia,[@bib24] chronic gout,[@bib24] and hyperthyroidism[@bib25] may also lead to an increase risk in the development of tendinopathy. The mechanism in each featured systemic disease lead to tendinopathy may be different, but can be explained by the involvement of chronic inflammation and failed healing. Hyperlipidemia lead to adiposity and adipokine dysregulation, contributing to a pro-inflammatory state. Chronic gout lead to the deposition of urate crystals in soft tissue, contributing as a persistent stimulus for chronic inflammation. Hyperthyroidism leads to inhibited collagen synthesis and matrix metabolism, building weak matrices that are more prone to future injuries and inflammation. Persistent or recurrent inflammation appear to be a common feature of the mechanism of systemic diseases leading to tendinopathy, and results from this study suggests that weakening of the pro-resolving pathway may be a presentation in tendinopathic tendons. However, further support to this statement is required with future investigations on the pro-resolving response of tendons harvested from cases of different systemic diseases.

A high glucose level lead to a weakened pro-resolving response in healthy tendon cells {#sec4.3}
--------------------------------------------------------------------------------------

It was mentioned in previous paragraphs that tendinopathic tendons present with a weakened pro-resolving response upon inflammatory stimulation. It was further demonstrated that the weakening in pro-resolving response can be observed in healthy tendon cells under a high glucose environment.

Results suggest that a high glucose environment may initiate cellular changes weakening the pro-resolving pathway in tendon cells. This finding provides evidence that a high glucose may lead to tendinopathic changes in healthy tendon cells, suggesting an explanation to the increased risk of tendinopathy observed in diabetic patients.

It is notable that the weakened pro-resolving response observed in tendinopathic cells involved the genes FPR1, ChemR23, and ALOX15. On the other hand, the weakened response observed in healthy cells in a high glucose only involved ALOX15. The inconsistency between the involved genes in these two group may be explained by that the weakened pro-resolving response happen in different stages, of which a 24 h incubation in a high glucose environment can only lead to a stage involving less genes. However, to further support this hypothesis, investigations on longer time points is required.

Glucose level of 11 mM stimulates an inflammatory response on tendon cells in 24 h {#sec4.4}
----------------------------------------------------------------------------------

In this study, healthy and tendinopathic TDSCs were treated with a high glucose environment of 11.1 mmol/L for 24 h. For both cell types, an up-regulation of pro-inflammatory marker COX2 was observed.

The results suggest that an elevated glucose level of 11 mM is enough to induce inflammatory stimulation to tendon cells. It is currently unclear if inflammatory stimulation occur in earlier time points, or if the stimulation could be reversed once glucose levels decrease. Nevertheless, this result raises the awareness that a strict control of glucose levels of 11 mM or less may be beneficial to control inflammation. Considering that chronic inflammation was proposed to play an important role in the development of tendinopathy from a healthy tendon, efforts in controlling glucose levels may contribute to the prevention of the development of tendinopathy.

Clinical relevance -- glucose control may contribute to the prevention of tendinopathy in patients with systemic diseases {#sec4.5}
-------------------------------------------------------------------------------------------------------------------------

Anti-inflammatory agents such as NSAIDs and glucocorticoids are a large part of the conservative management to patients with tendinopathy.[@bib26] However, these treatments do not show long term efficacy, and glucocorticoids were also associated with tendon ruptures.[@bib27] One way to decrease the burden from tendinopathy is to improve the prevention of this disorder.

Results from this study have implications to patients with various systemic diseases, who are at risk of the development of tendinopathy. A high glucose level may trigger an inflammatory response and also weaken the pro-resolving pathway in healthy tendon cells. Both factors may lead to chronic inflammation, raising the risk of the development of tendinopathy.

According to the American diabetes association, an HbA1c level of 8 corresponds to a mean plasma glucose level of 8.1 to 12.1^16^. Glucose control of an A1c goal of less than 8 may lower the risk of the development of tendinopathy in high risk patients.

Consistency and inconsistency with existing literature {#sec4.6}
------------------------------------------------------

From the results of this study, chronic inflammation is a feature presented in tendinopathic tendons. This finding does not agree with the previous concept that tendinopathy is an inflammation free, degenerative disease,[@bib1] indicating an absence of inflammation in the typical presentation of chronic tendinopathy. However, it was acknowledged that this study was not the first to suggest the presence of inflammation. A recent systematic review by our group also concluded that signs of chronic inflammation is presented in the majority of tendinopathic tendons reported in existing literature. A similar finding was also suggested in another systematic review in 2016.[@bib28]

The concept of "priming" in tendinopathic tendon cells was suggested in 2018.[@bib6] Cellular changes in local tendon cells lead to dysregulation in inflammation, leading to tendinopathy. In this study, results are compatible with this concept, and dynamic character of "priming" was also demonstrated by assessing pro-resolving mediators in tendon cells under inflammatory stress.

The observed effect of glucose on tendon cells or inflammatory responses is also supported by other in vitro studies. In a previous study, an enhanced upregulation of inflammatory markers was observed in stimulated endothelial cells under a high glucose environment.[@bib15] It was also previously reported that a high glucose environment may induce apoptosis, inhibit proliferation, and suppress the expression of tendon related markers in TDSCs.[@bib14] Another study also reported that a high glucose environment would increase the expression of metalloproteinases in TDSCs.[@bib13] It can be observed that the negative impact of a high glucose environment on tendon cells is well appreciated, and this impact may be caused by inflammation.

Future studies {#sec4.7}
--------------

Validation of the current findings can be done with an increased sample size with age and gender matched patients. Downstream markers of pro-resolving response such as IL-10 or protein analysis of the selected genes could also provide validation to the current findings.

It was found that glucose affect the regulation of inflammation in tendon cells. However, it is currently unknown about the threshold of glucose level that would lead to this change, how this change is associated with different glucose levels, or whether it could be reversed once glucose levels return to normal. To further build up on the topic, more time points can be assessed regarding the effects of a high glucose environment on healthy and tendinopathic tendon cells. Identification of the threshold of glucose level and time which inflammatory changes occur may provide more evidence on practical guidelines on how glucose levels should be controlled for managing tendinopathy.

The investigation of circulating inflammatory cells in tendinopathic patients is another potentially rewarding area of research. It was demonstrated that pro-resolving responses of tendinopathic tendon cells were weakened. Considering the possibility that the same changes may be observed in circulating inflammatory cells, sampling of tendinopathic patients can be done less invasively with blood samples instead of tendon specimens.

Conclusion {#sec5}
==========

The results of this study provide a possible explanation to the increased risk to develop tendinopathy in diabetic patients. Chronic inflammation observed in tendinopathy may be due to the weakening of pro-resolving responses in tendinopathic TDSCs, and a high glucose environment may lead to chronic inflammation and ultimately tendinopathy by persistent stimulation and weakening of pro-resolving response in healthy TDSCs.
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